and Fgf 2 Ϫ/Ϫ mice to test the hypothesis that endogenous FGF-2 is an important regulator of angiogenesis and arteriogenesis in the setting of hindlimb ischemia. Femoral ligation increased capillary and arteriole density in the ischemic calf in both Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. The level of angiographically visible arteries in the thigh was increased in the ischemic hindlimb in all mice, and no significant differences were observed between Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. Additionally, limb perfusion progressively improved to peak values at day 35 postsurgery in both genotypes. Given the equivalent responses observed in Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice, we demonstrate that endogenous FGF-2 is not required for revascularization in the setting of peripheral ischemia. Vascular adaptation, including both angiogenesis and arteriogenesis, was not affected by the absence of FGF-2 in this model. revascularization; angiogenesis; basic fibroblast growth factor; arteriogenesis; collateralization THE PREVALENCE OF ISCHEMIC DISEASE in the heart and limbs has led to extensive investigation in the area of therapeutic blood vessel growth (11) . Much of the research in this area has focused on the use of growth factors to induce or augment the body's naturally occurring revascularization process (24) . Despite recent work in this field, much remains unanswered in regard to the basic biological events of vessel growth in the adult organism. Importantly, the specific roles of endogenously produced growth factors in ischemic revascularization, the very same molecules used therapeutically, remain largely unknown.
Spontaneously occurring revascularization, as a consequence of arterial occlusion, is characterized by significant vascular adaptation, including both angiogenesis and arteriogenesis (9, 12) . Angiogenesis refers to the growth of capillaries via endothelial cell sprouting, whereas arteriogenesis refers to the growth and remodeling of preexistent arterial vessels into functional collateral arteries (12) . The endogenous mediators of these processes are only beginning to be identified. Vascular endothelial growth factor appears to be a major regulator of ischemia-induced angiogenesis (7) , and endothelial nitric oxide synthase (eNOS) may be required for both angiogenesis and arteriogenesis during peripheral revascularization (16, 25) . In addition, a host of other molecules have been implicated in angiogenesis and arteriogenesis, including fibroblast growth factor (FGF)-2 or basic FGF, tumor necrosis factor-␣, monocyte chemoattractant protein-1, and transforming growth factor-␤ 1 (1, 10, 27, 28, 31) .
In particular, FGF-2 upregulation parallels vessel growth and improved blood flow in models of hindlimb arterial occlusion (1, 5) and myocardial ischemia (6) . Increased expression of FGF-2 colocalizes to growing and newly formed microvascular segments in or around ischemic tissues (4, 28) . Additionally, exogenous FGF-2, a potent vascular cell mitogen, enhances angiogenesis and arteriogenesis in animal models of peripheral arterial occlusion (2, 4, 31) . Lastly, in experimental models of angiogenesis, addition of FGF-2 upregulated vascular endothelial growth factor expression in capillary vascular cells (23) and modulated remodeling of the microvascular tree (19) .
Given these observations, it is often assumed that endogenous FGF-2 is a required mediator of vascular growth and adaptation during ischemic revascularization. However, these studies do not definitively identify FGF-2 as the natural mediator of these processes in vivo because they are based largely on application of exogenous FGF-2 or monitoring of endogenous FGF-2 expression. Thus we used a model of hindlimb ischemia to compare the responses of mice lacking FGF-2 (Fgf 2 Ϫ/Ϫ ) and wild-type mice (Fgf 2 ϩ/ϩ ) to directly examine the importance of FGF-2 during revascularization. We evaluated angiogenesis, arteriogenesis, and the recovery of hindlimb perfusion to determine the specific role of endogenous FGF-2 in this model.
MATERIALS AND METHODS

Animals. Male and female Fgf 2
ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice (33) (8-12 wk of age, 50% Black Swiss and 50% 129 SV) were used for all experiments according to the University of Arizona Institute Animal Care and Use Committee-approved procedures. All mice were genotyped by PCR by using primers specific for the Fgf 2 wild-type allele (forward, 5Ј-GCTGTACACTCAAGGGGCTC-3Ј; reverse, 5Ј-CGCCGT-TCTTGCAGTAGAG-3Ј) and the Fgf 2 knockout allele (forward, 5Ј-TCCAAAGCCTGACTTGATCC-3Ј; reverse, 5Ј-CTG-ACTAGGGGAGGAGTAGAAGG-3Ј), after collection of genomic DNA from tail clips. Note that equal numbers of male and female mice were included in each experimental group. Mice were anesthetized with 2.5% Avertin (2.5% 2,2,2-tribromoethanol, 2.5% tert-amyl alcohol in PBS; Aldrich) at a dose of 0.15 ml/10 g body wt ip.
Hindlimb ischemia. The model used to produce hindlimb ischemia has been described previously (16) . To reduce flow to the left hindlimb, we ligated and excised a portion of the left femoral circulation (both artery and vein). The proximal femoral ligation was made upstream to the medial circumflex femoral artery and the popliteal artery branches. The distal ligation was made in the saphenous artery and vein midway between the ankle and knee. Care was taken to leave the femoral nerve undamaged. Skin incisions were closed with 7.5-mm Michel suture clips and 7.0-mm prolene nonabsorbable suture (Ethicon).
Fgf 2 transcript levels in ischemic hindlimb (RT-PCR).
Tissue (ϳ100 mg) from the calf of ischemic and contralateral (nonischemic) hindlimbs of Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice was harvested at days 3, 7, and 14 after surgery (n ϭ 2 for each time point). The tissue was immediately homogenized in RNAzol B (Tel-Test) for RNA extraction per manufacturer's instructions. Equal amounts (1 g) of total RNA from each sample were reverse transcribed into first-strand cDNA by using Superscript reverse transcriptase (GIBCO BRL). Fgf 2 and Gapdh transcripts were amplified by PCR in separate 100-l reactions (33) . Aliquots of 20 l were withdrawn at sequential cycles during the PCR reaction for evaluation.
Laser Doppler perfusion imaging. Hindlimb perfusion was measured by using a laser Doppler perfusion imager (LDPI; PIM II, Lisca AB) (7, 29) . LDPI values scale linearly with the product of red blood cell velocity and the number of blood cells within the scanned tissue, thus providing a unitless perfusion value (29) . Perfusion was evaluated before (control) and immediately after surgery (day 0) as well as serially at days 3, 7, 14, 21, 28 , and 35 after induction of ischemia (Fgf 2 ϩ/ϩ , n ϭ 4; Fgf 2 Ϫ/Ϫ , n ϭ 4). For LDPI measurements, mice were kept on a heating pad maintained at 37°C for 10 min before scanning, as well as during scanning, to minimize temperature variations during perfusion scans. A perfusion ratio was calculated by dividing the mean perfusion value of the ischemic hindlimb (dorsal side of calf and foot) by the mean perfusion value of an identical region in the nonischemic hindlimb from the same scan. As a positive control, male eNOS knockout mice (eNOS Ϫ/Ϫ ; n ϭ 4) and eNOS wild-type mice (eNOS ϩ/ϩ ; n ϭ 4) were evaluated by using LDPI after femoral ligation. eNOS Ϫ/Ϫ mice have been previously shown to have impaired hindlimb revascularization (16, 25) . eNOS mice on a C57BL/6J background were obtained from The Jackson Laboratory (Bar Harbor, ME).
Histology and vessel densities. Animals were killed without surgery (control) and after hindlimb surgery at days 7, 14, 21, and 35 for histology (Fgf 2 ϩ/ϩ , n ϭ 4; Fgf 2 Ϫ/Ϫ , n ϭ 4). Whole animals were perfuse fixed with Histochoice (Amresco) at constant pressure (90-100 Torr), and hindlimbs were placed in fixative overnight. The entire hindlimb between the knee and ankle was isolated, and the tibia bone was carefully removed. Microvessels were identified on 6-m paraffin sections cut from the middle portion of the calf by using standard histochemistry techniques. Capillaries were identified as GS1 (Griffonia simplicifolia I lectin; EY-Labs)-positive vessels smaller than 10 m in outer diameter. Arterioles were identified as vessels having an outer diameter between 10 and 30 m that were stained positive for ␣-smooth muscle actin (SMA; monoclonal antibody against ␣-SMA; Sigma Chemical, St. Louis, MO) around the entire vessel cross section. Capillaries and arterioles were counted per 20 randomly selected high-power fields (162 ϫ 162-m field) on two whole limb transverse sections from each hindlimb. Vessel densities were expressed as the number of vessels per square millimeter.
Average muscle fiber cross-sectional area. To calculate cross-sectional area per muscle fiber, digitized images were captured by using a charge-coupled device digital camera (Sony DKC-5000) attached to a microscope (Nikon Optiphot) and then analyzed with image analysis software (Scion Image 4.0). For each animal, a total of three images (420 ϫ 320-m field) was taken of the same generalized region of the calf (medial gastrocnemius). Perimeters were measured, and cross-sectional area was calculated for all muscle fibers completely within the image frame. Also, the number of muscle fibers per image was recorded. These measurements were performed on control, day 7, and day 35 animals (n ϭ 4 per genotype for each time point).
Cell proliferation. Animals were injected with bromodeoxyuridine (BrdU; 30 mg/kg body wt; Sigma Chemical) intraperitonially at 24 and 12 h before death. BrdU incorporation into the nuclei of proliferating cells was identified on 6-m sections by using a peroxidase-conjugated sheep anti-BrdU antibody (Biodesign International) as described previously (7) . BrdU-positive nuclei were counted per 20 randomly selected high-power fields (162 ϫ 162-m field) on two whole limb transverse sections from each hindlimb. Proliferation is expressed as the number of BrdU-positive nuclei per square millimeter. Serially cut sections were used to identify the same microscopic fields to colocalize GS1 stained capillaries and BrdU-positive nuclei to determine the identity of the proliferating cells. It has been previously shown (7) that endothelial cells comprise the predominant proliferative cell type in the mouse ischemic hindlimb. Analysis of cell proliferation in the hindlimb was performed on control (nonischemic) and day 7 ischemic limbs based on the previous report of peak proliferation at day 7 in this mouse model (7) .
Microangiography. Collateral artery growth (arteriogenesis) was evaluated at days 14 and 35 by using microangiography (Fgf 2 ϩ/ϩ , n ϭ 4; Fgf 2 Ϫ/Ϫ , n ϭ 4). Animals were anesthetized and subsequently overdosed with 2.5% Avertin after exposure of the abdominal aorta. Hindlimbs were perfused (90-100 Torr) with PBS containing 1 ϫ 10 Ϫ5 M sodium nitroprusside through a tapered polyethylene catheter (PE-50) inserted into the aorta, above the iliac branches, to induce maximal vasodilation and to ensure complete filling with contrast agent (barium sulfate 210% wt/vol, Liqui-Coat, Lafayette Pharmaceuticals). In nonischemic limbs, a ligature was placed around the ankle to occlude arteriovenous shunts present in the foot (data not shown) and to limit filling to arteries only. High-definition angiograms (Faxitron Systems) were generated and scanned into a computer for quantitative evaluation by using image analysis software (Scion Image).
Vessel area was calculated from inverted images for the entire thigh region between the ligation site and the knee and below the femur by thresholding out nonfilled structures. Next, vessel area, measured from thresholded images, was divided by the total area of the region examined (normalized vessel area). Lastly, an angiographic score was obtained by dividing the normalized vessel area for the left limb (ischemic) by the value obtained for the right limb (nonischemic).
Statistical analysis. Values are presented as means Ϯ SE. Comparison between two means was done by using Student's unpaired t-test. Multiple groups were compared by one-way ANOVA with a Student-Newman-Keuls test. Statistical significance was set at P Ͻ 0.05.
RESULTS
Fgf 2 expression is increased in ischemic hindlimbs of Fgf 2
ϩ/ϩ mice. We used semiquantitative RT-PCR (33) to confirm that Fgf 2 mRNA expression is increased in the hindlimb after ischemia in this model. Fgf 2 transcript levels increased in the ischemic hindlimb of Fgf 2 ϩ/ϩ mice by approximately twofold at day 3 relative to the contralateral, nonischemic hindlimb. This difference was greater than fourfold by day 7 and returned to control levels by day 14 (Fig. 1) . As expected, no Fgf 2 transcript was detected in hindlimb tissue from Fgf 2 Ϫ/Ϫ mice (Fig. 1) .
Recovery of resting hindlimb perfusion. Serial perfusion measurements, by LDPI in the same animal over 5 wk, were used to evaluate the temporal recovery of resting perfusion in the ischemic hindlimb. In both Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice, the hindlimb perfusion ratio (ischemic to nonischemic) was reduced immediately after surgery (Fig. 2) . Perfusion progressively improved after induction of ischemia to near normal by day 35 for both Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. No significant differences were observed between the perfusion ratios of Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice at any of the time points examined. As previously shown (16, 25) , recovery of hindlimb perfusion was significantly impaired in eNOS Ϫ/Ϫ mice. These mice were studied to confirm that the LDPI methods used to evaluate the Fgf 2 mice would in fact detect any differences if present. Importantly, the lack of revascularization in the eNOS Ϫ/Ϫ mice was associated with a progressive necrosis of the ischemic hindlimb. In fact, the majority of eNOS Ϫ/Ϫ mice studied lost some portion of the distal hindlimb to necrosis as early as day 7. By contrast, Fgf 2 Ϫ/Ϫ mice (as well as Fgf 2 ϩ/ϩ and eNOS ϩ/ϩ ) had no signs of necrosis or tissue loss in the hindlimb after femoral ligation. It should be noted that LDPI measurements in our study were done under resting conditions, and resting perfusion values typically reflect only a small portion of the entire perfusion capacity in the hindlimb. However, others (21) report that warming of the mice during LDPI (as performed in our study) induces some degree of vasodilation in the hindlimb. Thus perfusion measurements performed in this manner may represent a larger fraction of total perfusion capacity than actual resting perfusion values.
Ischemia-induced changes in microvessel density and muscle fiber area. We measured capillary and arteriole density in the calf skeletal muscle of nonischemic and revascularized hindlimbs to assess angiogenesis and microvascular remodeling. Capillary density (per mm 2 ) in the ischemic calves of both Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice increased significantly (P Ͻ 0.05) by day 7 to nearly 1.5 times the respective contralateral, nonischemic hindlimb densities (Fig. 3) . Capillary density remained elevated in the ischemic hindlimb in all mice through day 35. No such changes in capillary density were detected in the thighs of ischemic hindlimbs for either genotype (data not shown). No significant differences in capillary density were observed in revascularizing hindlimbs between Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. Arteriole density (per mm 2 ) in day 7 ischemic hindlimbs of both Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice was elevated nearly twofold relative to nonischemic hindlimbs (P Ͻ 0.05 vs. control; Fig. 3 ). As with capillary density, arteriole density remained elevated in the ischemic hindlimbs at day 35. No significant differences in arteriole density were observed between Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. We evaluated muscle fiber cross-sectional area, given that changes in fiber area can affect capillary density independent of angiogenesis (20) . As shown in Fig. 4 and Fgf 2 Ϫ/Ϫ mice is not being affected by differential changes in fiber area in one particular genotype. However, we did measure a significantly reduced fiber area at day 7 in all mice. This suggests that capillary density changes measured at this early time point might reflect both changes in fiber area and vascular growth (angiogenesis). Based on previous data (20) , the fiber area decrease observed in our study would not completely explain the increase in capillary density measured at day 7 (ϳ300 capillaries/mm 2 ). Nevertheless, fiber area returned to control values when measured at day 35. Thus changes in capillary density in the ischemic limb measured at day 35 appear to be due to angiogenesis rather than to changes in muscle fiber area.
Ischemia-induced changes in cell proliferation. Numerous proliferating cells were detected in the ischemic limbs of both genotypes at day 7 in the ischemic limb (Fig. 5) . Very few BrdU-positive cells were seen in nonischemic hindlimbs. Staining of serial sections showed rather consistent colocalization of BrdU-positive cells with GS1-labeling. This is consistent with previous data showing that endothelial cells are the predominant cell type undergoing proliferation at day 7 in the ischemic mouse hindlimb (7). Finally, there was no difference in cell proliferation between Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice in the day 7 ischemic limbs ( Fig. 5) . Arteriogenesis in the ischemic mouse hindlimb. We evaluated arteriogenesis (collateral artery development) in the ischemic hindlimbs by using high-resolution microangiography. This technique allowed us to visualize vessels with inner diameters of approximately Ն50 m. Representative angiograms from visible, spanning from the lateral circumflex femoral and deep femoral arteries to the genual arteries (near the knee) and saphenous artery branches. We observed the same general pattern of collateral vessel growth for both Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice at all time points examined. We used an angiographic score to quantify visible vascular area in the hindlimb. This score was expressed as a ratio of normalized vessel area in the affected (left) limb divided by normalized vessel area in the unaffected (right) limb. As expected, the scores were ϳ1.0 for nonischemic (control) mice. Immediately after ligation (day 0), scores decreased significantly (P Ͻ 0.05) in both the Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. At day 14, scores for Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice increased significantly (P Ͻ 0.05) above presurgery values and remained elevated in the revascularized hindlimb through day 35 (Fig. 6) . The amount of angiographically visible arteries in the hindlimb did not differ between Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice.
DISCUSSION
To our knowledge, this is the first study to directly examine the importance of endogenous FGF-2 during revascularization in the setting of peripheral ischemia. The absence of FGF-2 did not appear to affect vascular growth in this model. We did not detect any differences in the vessel density, including capillaries, arterioles, and angiographically visible arteries, when comparing the ischemic limbs of Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice. Consistent with the above findings, recovery of resting hindlimb perfusion was similar between the FGF-2 wild-type and knockout animals. Furthermore, the absence of any tissue necrosis or gross abnormality in the ischemic limbs of Fgf 2 Ϫ/Ϫ mice provides additional evidence that the revascularization process does not require FGF-2.
These results are somewhat surprising in view of the extensive collection of research implicating FGF-2 in the revascularization of ischemic tissue (1, 4, 5, 28) . In animal models, FGF-2 expression has been identified around newly formed microvessels during hindlimb ischemia (4), and strong FGF-2 staining was detected in monocytes accumulating in growing collateral arteries (1) . In other studies, FGF-2 is upregulated more globally in the revascularizing regions (5, 6, 28) . Similarly, in our study, Fgf 2 expression was elevated in the ischemic hindlimb of wild-type mice at days 3 and 7. During ischemia, the temporal change in FGF-2 expression and its localization to growing collateral arteries and capillaries strongly implicates FGF-2 in the revascularization process. Importantly, Walgenbach et al. (28) used anti-FGF-2 antibody therapy to significantly reduce angiogenesis in ischemic skeletal muscle with the use of a rabbit model. In a study examining injury-induced revascularization in mice (13) , antibody neutralization of endogenous FGF-2 significantly reduced the capillary density measured in ischemic muscle of the hindlimb. In contrast, there was no evidence that angiogenesis was altered in the ischemic limbs of Fgf 2 Ϫ/Ϫ mice in our study. Even the amount of cell proliferation (presumably endothelial cells) within ischemic tissues was not different between Fgf 2 ϩ/ϩ and Fgf 2 Ϫ/Ϫ mice, further indicating that angiogenesis was not affected by the absence of FGF-2. Our data are consistent with other results using Fgf 2 Ϫ/Ϫ mice that show that angiogenesis during ischemic retinopathy (18) and ocular choroidal injury (26) does not require endogenous FGF-2. Perhaps the most novel finding in the present study is that arteriogenesis appeared unaffected by the lack of FGF-2. The previous studies cited above examined vascular adaptation at the level of microcirculation rather than adaptation and growth of larger conductance arteries. Our evaluation of angiographically visible arteries, tissue perfusion, and hindlimb viability strongly suggests that collateral artery growth is not impaired in Fgf 2 Ϫ/Ϫ mice. In contrast to Fgf 2 Ϫ/Ϫ and wild-type mice, eNOS Ϫ/Ϫ animals had reduced limb perfusion and no angiographically visible collateral vessels (data not shown), which was associated with progressive tissue necrosis.
The conflicting results between our study and the various studies using antibody neutralization of FGF-2 could be because of several possibilities. Neutralization studies that identify FGF-2 as an essential mediator of angiogenesis may be overestimating the role of FGF-2 due to inhibition of other FGF proteins. There are at least 22 FGF family members, and these proteins bind to a common group of receptors, although with differing affinities (3, 30) . Alternatively, chronic gene loss (e.g., gene knockout) and acute protein loss (e.g., antibody neutralization) may result in distinct responses to the same stimulus. Lastly, differences in the animal models used to examine ischemia and angiogenesis might also account for the contradictory observations.
The apparently normal revascularization response observed in Fgf 2 Ϫ/Ϫ mice may reflect compensation for the loss of FGF-2 by another gene product. Given the large number of FGF proteins, it is possible that there is some degree of redundancy among FGF family members. Genetic ablation of two or more genes in a single animal (e.g., double knockout) is one approach to directly test for compensation. Recently, a double knockout of FGF-1 and FGF-2 was shown to have the same phenotype as Fgf 2 Ϫ/Ϫ mice (14) . This suggests that FGF-1, the most closely related FGF family member to FGF-2, is not compensating for the loss of FGF-2 in situations of vascular growth. However, we cannot rule out that FGF-1 or other proteins are acting to functionally replace FGF-2 in our model. Alternatively, it is possible that there is not compensation and that other growth factors or molecules may be the actual mediators of biological events currently ascribed to FGF-2. In this regard, increased FGF-2 expression observed in ischemic tissue may be mediating some other process during revascularization (e.g., vessel responsiveness) that is either unrelated to or not critical for structural adaptation of the vasculature. Of course, we cannot exclude that subtle differences may have been present in the vessels of the ischemic limb of Fgf 2 Ϫ/Ϫ mice that were simply not detected in our study.
To date, three independently generated Fgf 2 Ϫ/Ϫ mouse lines have all been shown to be fertile and to grow to maturity (8, 17, 33) . However, numerous phenotypes have been identified in these Fgf 2 Ϫ/Ϫ mice, including thrombocytosis, altered blood pressure regulation, decreased vein vascular smooth muscle activity, impaired cerebral cortex development, and decreased bone mass (8, 15, 17, 33) . Studies of adult Fgf 2 Ϫ/Ϫ mice in pathological situations have identified an indispensable and uncompensated role for FGF-2 in wound healing, pressure-induced cardiac hypertrophy, and neurogenesis after brain injury (17, 22, 32) . Nevertheless, the present study demonstrates that endogenous FGF-2 is not required for vascular adaptation during ischemic revascularization in the mouse hindlimb. Overall, the lack of a detectable deficit in vascular growth, either developmental or pathological, in Fgf 2 Ϫ/Ϫ mice suggests that we may have to reconsider the importance of endogenous FGF-2 in angiogenesis and arteriogenesis.
